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IIICREASE IN STABILE-ATR-FLOW CPERATING RANGE
OF A MIXED-FLOW COMPRESSOR BY MEARS OF A
SURGE INHIBITOR

By Fugene B. Lasgkln and Milton G. Kofskey

SUMMARY

The problem of increasing the stable-air-flow operating range
of a mixed-flow consressor operating at high impeller tip speeds
by recirculating a minimum smount of the compressor-discharge air
and utilizing part of the energy of compression to prcduce npre-
rotation at the impeller lnlet has been investigated. A descripbion
and the design principles of a surge lnhibitor used for this research
are pregented.

The results of tests of the compressor unit with the surge
Inhibitor installed shiowed that a considerable gain in stable-alr-
flow operating range was cobtained over the range of egquivalent
impeller tip speeds from 1255 to 1738 feet per second. The surge
inhibitor, although designed to triple the stable-air-flow operating
range at an equivalent impeller tip speed of 1550 feet per second,
was capable of increasing the net stable-air-flow operating range
more than eight tinmes its original value at thle tip speed.

When the surge inhibitor was Inopneratlve, the efficlency and
the pressure ratio in the normal stable-air-flow operating range was
not impaired. At egquivalent Impeller tip speeds of 1653 and 1738 feet
per second, the surge inhiblitor permitted operatlon through a critical
flow condlbtion into a stable reglon of higher efficiency and preassure
ratio. An increase of 5 points in efficlency and & corresponding
Increase of 0.63 in nressure ratio were obtained at these tip speeds.
Excopt where the surge inhibitor was used to pass through the critical
flow condition at high impelier tip speeds, recirculation of air
caused a decrease in both pressure ratio and efficiency.
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THTRODUCTION

The operating range over which a compresscr of the type used
for aircraft power plants can deliver a stable air flow 1s limited
for maximum air flow by the occurreonce of sonlc velocitles somevhere
in the flow path and for minimum air flow by the surge point. Un-
steble alr flow, of slrging, ls accompanied by a sharp loss in
aerodynamic compressor performance and may cause serious mechanical
vibration and unstable operation in an englne installation. Aa the
ampeller tip speed is Increased to the high values necessary for
high pressure ratios, the stable-air-flow operating range of the
compressor is reduced until the points of maximum and minimum volume
flow coincide. At these high tip speeds, the conditions of pesk
efficiency and peak pressure ratio are therefore usually very close
to the surge point. Although operation of the compressor noar the
surge point is desirable for peak performance, tkis procedure becomes
undesirable 1n practico bacaase of tre possibility of operation in
tie surge region.

The difficulties in cbtailning officient and etable operation at
high impeller tip speeds and pressure ratios could be eliminated if
it were possible to suppress the surge point and extend the stable-
air-flow operating range to lower values of volume flow. Exsmples
of remearch in suppressing the surge point end extending the etable~
air-flow operating range are presented in references 1 and 2, The
methods that have been proposed are: modifications to Impeller and
diffuger blading, resonant chambers, stationasry and rotating alr-
prerotation devices at the impeller inlet, and reclrculation of
campreasor-dlscharge alr to the Impelier inlet Another proposed
method, which circumvente operatlon at the surge point rather than
suppresses the surge point, involves bypassing part of ths compresscr-
discharge alr sround the receliver,

The problem of increasing the stable-air-flow operating range
of a compressor at high impeller tip speeds by mcans of a device
cambining two of those methods has been investigated at the NACA
Cleveland laboratory. A minimum amount of compressor-discharge air
is recirculated in such a manner as to utilize part of the energy
of caompression to produce prerotation at the Impeller inlet. This
principle of surge suppresaian allows the campressor to operate with
a quantity of volume flow within the stable-air-flow operating range,
although the net volume flow delivered by the ccampreasor would
normelly be in an umstable-air-flow operating range.

A surge inhibitor designed to produce the reguired rocirculation
and prerotation was tested 1n conjuncticn with & campressor con~ '
sisting of a mixed-flow impeller and a semiveneloss diffueer. Pravious
tosts of thie compressor (reference 3) had shown that the air-flow
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operating range at high impeller tip sneeds was very limited and
that the maximum pressure ratio at an equivalent impeller tip speed
of 1565 feet per second was higher than that at 1644 feet per second
and equal to that at 1740 feet per second. The effectiveness of
this surge inhibitor in extending the stable-air-flow range of the
compressor is presented In this report. A description of the surge
inhibitor and the design principles are also gilven.

SURGE INHIBITOR

Description, - The essential elements of the surge inhibitor
are a sBcroll inlet and an alr-acceleration passage formed by two
parallel wallg. The surge inhibiltor consiste of two symmetrical
sections, Photographs of the surge inhibitor at various stages of
assewbly are shown in figure 1. The rear section of the surge
inhibitor was mounted on the test rig by sbuds near the inner
dlameter; the studs were flush with the walls of +the acceleration
passage. Four through bolts rrovided additional mechanical strength
and prevented misalinement of the surge inhibitor with the inlet- .
bearing support. The assembly of the two sections of the surge
inhibitor ie shown in figure 1(b) and the aurge inhibitor with the
inlet-bearing suvport is shown in Pigure 1(c).

The compressor-discharge air is received from a radial outlet
on the collector case and directed to the scroll inlet, The scroll
inlet imparts a tangential-velocity component to the air and uni-
formly distributes the air at the entrance of the acceleration pas-
sage. The recirculated air is then accelerated through the passage
formed by the parallel walls and discharged into the impeller-inlet
alr stream with a large tangential-velocity component with respect
to the radial-velocity camponent. The dlameter at which the re-
circulated air enters the inlet-air stream is determined by the
inside diameter of the impeller front shroud. The axial location
of the recirculated-air discharge slot in front of the impeller-
inlet blades is determined by the impeller front-shroud flange, as
shown in figure 2.

Design principles. - The surge inhibltor has the two-fold Ffunction
of introducing part of the compressor-discharge air into the air
stream at the impeller inlet amd of rotating this recilrculated air
in the direction of impeller rotation. At any point along the peri-
phery of the recirculated-air discharge slot, the angle between the
direction of flow of the recirculated ailr and the tangent to the
point is approximately 20° (fig. 1(a)}). By the introduction of the
recirculated air into the Impeller-inlet air stream with a large
tangential-veloclty camponent (800 ft/sec at the design condition),
part of the energy of compresseion is utilized to prerotate the inlet
alr and thus relieve the Impeller of part of the work required %o
obtain a glven pressure ratio, Because the tips of the 1moeller
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inlet blades operate at a high Mach number and reach a condition of
critical flow before the rest of the leading edge of the blades,
the prerotation added by the recirculated alr in this partlcular
manner tends to delay the accurrence of compresslon shocks in thile
reglon, as well as to decrease the relative angle of attack of the
inlet alr on the leading edge of the impeller blades.

The design of the surge inhibitor was based on predetermined
performance characteiristics of the compressor unlt (reference 3).
The smount of air to be recirculated to the impeller inlet was
established by the quantity necessary to triple the exlsting etable-
air-flow operating range at the equivalent impeller tip speed af
1550 feet per second. The geometry of the surge Iinhibitor is deter-
mined by tho quantity of campressor-discharge alr necessary to be
recirculated, the inlet- and campressoir-discharge-air conditions, and
the assumed angle of flow at ‘the discharge of the surge inhibltor.
When these quantities are glven, the profiles of tne passages are
determined from the continuilty, the ensrgy, and the momentum equations.
The scroll inlet was designed to have & wniform decrease in area
along the periphery. -

APPARATUS

Compressor unit. - The 23-blade impeller described in reference 3
is of the mixed-flow type in that it discharges the alr with an
axisal-velocity component. The impeller has an eannulus diameter of
11,00 inches, an inlet~hub diameter of 4.26 inches, and a maximm
tip diemeter of 14.74 Iinches,

The semiveneless diffuser, also described in reference 3, has
an over-sll dismeter of 28,00 inches., The diffuser consists of a
vanelegs section followed by a 32-vaned section at a diameter of
20,687 Iinches.

The inlet-bearing support used in the tests of referemnce 3
required an alteration because of the surge-inhibitor installation
(fig. 2). The insertion of the surge Inhibitor necessitated moving
the inlet-bearing support farther upstream of the impeller. This
relocation placed the symmetrical airfoil-shaped struts of the

inlet~bearing support epproximately Lz inches farther upatream of

the impeller than in the test installation described 1n rcoference 3.
The struts are offeet f¥dm a radisl line and are nearly tangentlal
with the inlet-bearing housing. The inlet-bearing houslng wes so
extended that the bearing itself remained at its original posltion
with respect to the impeller becauge of the firxed location of the
outboard bearing for the impeller stub shaft. '
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Test rig. - The compressor unit with the surge inhibitor was
tested in a variable-component test rig. A description of a variable-
comporent test rig is gliven in reference 4, The complete test set-
up is shown in figure 3. A 3000-horsepower variable-frequency
Induction motor coupled to a gpeed increaser was used to drive the
impeller.

Impeller~inlet alr was mebtered through e calibrated adjustable
submerged orifice and was passed through an inlet throttle to a
large alr-filter tank before entering the straight length of inlet
pipe leading to the impeller, The air was diacharged from tke large
variable-component collector case through two tangentiasl discharge
pipes into the atmospheric-exhaust system. Vhen the surge inhibitor
was put into operation, part of the discharge alr passed frdm the
variable~component collector case through a radial pipe, a aubmerged
flat-plate orifice, a gate valve, and a butterfly uhrcttling valve
to the scroll inlet of the surge 1nhibitor. The gate valve, which
wag used solely to prevent air leakage when the surge inhibitor was
not operating, was fully opened after initial surging was encountered,

The surge inhibitor, the variable~component collector case,
and the inlet and discharge pipes were lagged to minimize heat-
transfer effects between the test setup and the amblent air,

Instrumentation. -~ A standard NACA differentisl-pressure
recorder (references 5 and 6) was comnected to total- and static-
Pressure tubes 1n ons of the dlacharge pipes to obtain a trace of
the discharge velocity-pressure variation during the sequence of
operations of stable alr flow, surging, and recovery of stable ailr
flow by means of the surge inhlbitor.

The net volume flow through the compressor unlt was measured
with a callbrated adJustable submerged orifice. The recirculated-
alr weight flow was measured with an A.S.M.E. standard submerged
orlfice that was preceded by 14 diamesters of straight pipe and
followed by straight pipe for 5 diameters.,

The pressure- and tempsrature-measuring stgtion in the inlet
pipe was located 2 dismeters upstream of the impeller inlet and was
preceded by 10 diameters of straight pipe. The discharge measuring
station was preceded by straight pipe for a length of 12 diameters.
The measuring station in the recirculation pipe was preceded by
stralght pipe for a length of 11 dlsmeterse from the collector case.
Measurements were taken in accordance with the recommendations of
references 7 and 8.

Pressure and temperature measurements were taken in palrs to
eliminate erroneous readings., Air pressures were indlcated by
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mercury manometers wlth the exception of pressure differentliale for
volume~flow measurements, which were indicated by water mancaesters.
Temperatures were measured with callbrated iron-constanten thermo-

couples. : :

Tre speed of the lmpeller was measured with an electric chrono-
netric tachometer; the irmpeller tip speed was based on the maximum
dianmster of the impellier.

The precision with which all measurements were made 1s estimated
to be within the following limits:

T@@Bra'ture, OF s ® & & ¢ & s ¢ s & e o . « & & &« 8 ¢ ¢ o« ¢ :EO . 5

Pressure, Inches of MEXCUTY « + o ¢ v v « o o o o ¢ » = o + « £0.02

Ket wolume flow, Pel‘cent' s ¢ o o o s o e 6 e 6 8 & ¢ & o8 :J:O.s

Recirculated-air weight flow, merceat ..« « o« &« o = o « « « « £1.25

Impeller tip apeed, percent . + « ¢ « ¢« ¢ v & o o o« e » o 0.5
TEST MRTHODS

Teats wore made wlth ambient 1mpeller-inlet alr over a range of
equivalent impeller tlp speeds of 1255 to 1565 feet per second
corrected to a standard NACA inlet-air temperature of 59° F. The
inlet-alr temperature varied from 72° to 87° F for the tests with
ambient inlet air. Tests at equivelent impeller tip speads of 1653
and 1738 fest ner second were meds with refrigerated inist alr as
temperatures aof -8° and -25° ¥, reapectively. For all tests, ths
temperatures of the inlet air at any particular speed did not vary
by nore than +2° F. ' ' o : "

The teats were conducted 1in accordance with the recomondations
of referencoe 7 whonever possible. All tests wore made with open
outlet throttle and the volume flow was varled by the inlet throttle.
Upon initial surging of the unit, the gate valve in the roclrculation
pipe was fully opened and the butterfly throtiling valve was set
to allow the minimum amount of discharge alr neccssary to recirculate
through the surge inhibltor to suppress surging. The inlet throttle
waa further closed until surglng was again encountered and tho
butterfly throttling valve further opened until surgling ccased.

This sequence of coperation was reveated from closed to fuliy open
throttlie In the recirculation pipe.
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RESULTS ARD DISCUSSION

Performance calculations were made 1n accordance wlth the method
of reference 7. Recirculated-air weight-flow calculations were made
es recommended by A.3.M.E. standarde (reference 8}, Tho data are
presented in accordance with the recoammendations of reference 9.
Performance curves are also presented to show the Increase in net
stable-air-flow operating range and the efficiency obtained with
the surge-inhibitor installation as compared with the tests of the
compressor unit without the surge inhibitor (reference 3). Curves
showing the percentage of net alr welght flow necessary for recircu-
lation to the impeller inlet for a givem Increase in net stable-alr-
flow operating range are also presented.

A typical velocity-pressurs trace taken in ons of the discharge
Dipes is shown in figuve 4. The seguence of operations represented
is: stable alir flow, surging, and recovery of stable air flow by
the surge imhibltor. Once surging had been suppressed, the guantity
of recirculated alr could be slightly reduced without the recurrerce
of surge. : . -

Extension in Stable=-Air-Flow Operating Range

A comparison of the stable-alr-flow operatling range of the
compressor unit with and without the surge inhibitor installed ig
presented In figure 5. ' The performance characteristice of ths
compregsor unit without the surge inhibltor were obitained from
reference 3. The maximum volume flow for a given tip speed was
found to be higher Ffor this series of tests than Ffor those of
reference 3. This shift In the curves to higher values of volume
flow was probably céaused by the immroved sir-flow conditions at the
impeller inlet resulting from relocation of the inlet-bearing

support 12 inches farther upstream of the impeller. A more uniform

velocity distribution at the impeller inlet was established by
reducing the interference effect of the struts and by allowing more
distance between the abrupt reduction in diameter at the inlet-
bearing support and the impeller.

The extenslion of the net stable-air-flow operating range to
lower net volune flows was entirely due to the operation of tae
surge Inhibitor. The surge inhibitor, elthough designed to triple
the stable-air-flow operating range at an equivalent tip epeed of
1550 feet per second, was capable of increasing the net stable-air-
flow operating range more than elght times ite original value at -
thig tip speed. A conslderable gain In net siable-alir-flow operating
range was obtained at all impeller tip speeds, particularly at the
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equivalent tip speed of 1653 feet per mecond, where no flexibility
in stable-alr-flow operating range was proviously obtained.

At the sgqulvalent tip apeed of 1653 feet per second, surging
occurred at approximately the seme pressure ratio, 3.12 (point A
on fig. 5), as that for the compressor unlt without the surge
inhibitor., When the surge inhibitor was allowed %o recirculate
enough dlacharge alr to suppress surging, 1t was possgible to close
the inlet throttle a small amount, to close off completely the
recilrculated air, and still to malintain stable alr flow. Wien thils
aerodynsmically critical point was passed, a decrease 1n net equiva~
lent volume flow from 14,800 to 14,350 cubic feet per minute (point B
on fig. 5) was obtained without the use of the surge inhibitor. For
volume flowe less then that at point B, recirculated air was again
necesgary; the net volume flow was €90C cublc feet per minute when
the maximum poselble amount of air was recirculated,

At the equivalent tip ampeed of 1740 feet per second, the original
compressor unit (wilthout the surge inhibitor) pulsated mildly from
e pressure ratlo of approximately 3.00 to the polnt of vioclent surglng.
With the surge Inhibltor installed but not in operatlon, those
pulsations were elimlnated, As previously amtated, the improvement
in operational performesnce was probably due to the relocation of the
inlet~bearing support. These benefilts, howover, did not change the
polnt of violent surge. Points A and B on the performance curve
(f1g. 5) represent operating occurrences similar to those at an
equivalent tilp speed of 1653 fest per second,

The minimuws amount of discharge air necessary to be recircu-~
lated for a desired increame in net stable-alr-flow operating rangs
can be obtained from figure 6., The recirculated alr flow is
erpressed as a percentage of the net impeller-inlet alr weight flow,
The contour for 0O percent reclrculation repressnts the normal surge
line of the compressor unlt with the surgze inhlbitor insgtslled.

The broken contour line betwoen the curvea at egquivalent tlp speeds
of 1653 and 1738 feot per second represents condition A (fig. 5)
end 18 not & member of the family of curves indicating the amount
of alr recirculated.

Effect of Surge Inhibltor on Efficlency and Pressure Ratlo

The instellation of the surge Inhibitor on the unit lmpaired
nelther the efficlency nor the pressure ratic in the region of
normally stable air flow (figs. 5 and 7). The slight improvemont
in performance characteristics at the lower equivalent tip specds
(fig. 5) can probably be attributed to the relocation of the inlet-
bearing support.
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One of the principal benefits resulting from the use of the surge
inhibitor was the 5-point gain in pesk adiabatic efficiency at the
equlivalent tin speeds of 1653 and 1738 feet per second (fig, S5). The
accompanying increase in pressure ratio was 0.63 (fig. 7). The
region of higher efficlency and pressure ratio would have bson im-
possible to attain on this partioular compressor unit without using
the surge inhibltor to pass through the critical flow condition.

With the surge inhlbitor in operation in the region of normally
ungtable air flow, a drop in pressure ratio was obtained as the net
volume flow was reduced (fig. 8). This condition was partly a
result of the corresponding increase in the temperature and the pre-
rotation of the air at the impeller inlet. Pressure losses at the
impeller inlet caused by the mixing of the recirculated and the
inlet air caused a further decrease in pressure ratic and a corre-
sponding drop in efficlency.

The preassure losses at the lmpeller inlet were large for the
instellation with the surge inhibitor. If the net volume flow were
reduced by wastling part of the volume flow at the compressor dis-
chargs, the resulting efficiency would be slightly higher than that
obtained for the same pressure ratic and volume flow with the
reported method of recirculation. The pressure losses at the
campressor Inlet with the surge-inhibiltor installation were there-
fore greater than the kinetic energy of prerotation of the recircu-
lated alr. In spite of these pressure losses, the use of the surge
Inhibitor permitted & moderate extension of the stable-air-flow
operating range without a formidable drop in efficiency. The use
of the surge inhibitor permitted the attalmment of higher pressure
ratlios and efficiencies at the high tip speeds, a benefit which
could never have been realized by eimply westing part of the air.

Becausge of the large inlet and outlet volumes of the test rig,
the surging characteristics of thie compressor were probably poorer
than of one installed in an aircraft power plant. (See reference 10.)
The losses occasioned by the use of the surge inhibitor as part of
an engine assembly may therefore be expected 1o be no higher than
those reported herein.

SUMMARY (OF RESULTS

From an investigetlon of the performence of a compressor unit
with a surge inhibitor, the following results were obtained:
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1. A considerable gain 1n stable-gir-flow operating range was
obtained over a range of equivelent Ilmpslier tilp speeds of 1255 to
1738 feet per second, The surge inhlbitor, although designed to
triple the stable-air-flow operating range at an equivalent tlp
gpeed of 1550 feet per second, was capable of Increasing the net
gtable-air-flow operating range more than eight times the original
value at this tip speed. The efficlency and the pressure ratloc of
the compressor in the normal unstable-air-flow operating range,
however, was less than the peak value of the corresponding eguiva-
lent impeller tip s)eed.

2. The installatlion of the surge Inhibltor on the compressor
unit did not impair the efficiency nor the pressure ratio in the
normal stable-alr-flcw operating range.

3. At the equivalent tip speeds of 1653 and 1738 fest per
gsecond, the surge inhibitor permitted operation through a critlcal
Flow condition into a reglon of higher efflclency and pressurs
ratio. An increase of 5 polnte in peak efficiency and a corre-
gponding increase of 0.63 1n pressurs ratio was obtalned at those
tip speeds. : :

Alrcraft Engine Research Laboratory,
Nationael Advisory Committee for Aecronautlcs,
Cleveland, Ohio.
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Fig. 7 NACA RM No. E7CO5
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Figure 7. - Comparison of peak adlabatic efficiency and corres-
ponding pressure ratio of compressor unlt with and without
surge inhibitor installed.
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NACA RM No. E7CO5 ' Fig. 8
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Figure 8. — Performance characteristics of comprassor unit with surge Inhibitor in-
stalled.
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